Abstract-This paper presents a high-isolation printed antenna array for marine radar applications. The antenna array is composed of 32 identical square microstrip patches operated at a center frequency of 9.35 GHz and includes a 100-MHz bandwidth (subject to a 1.5:1 voltage standing wave ratio [VSWR]). The patch antennas are arranged in four arms, each of which contains eight elements and is series-fed using Chebyshev tapering (25 dB side-lobe level). To apply the antenna in marine radar applications, an antenna with horizontal polarization was employed because, in comparison with vertical polarization, it can relatively reduce the sea clutter reflectivity. Therefore, a slit was carved on each patch element to change the current path, thereby enabling horizontal polarization. The antenna gain, 3-dB beamwidth, side-lobe level, and front-to-back ratio were 22 dBi, 5.3 , 26.4 dB, and 38.5 dB, respectively. Additionally, metallic baffles were introduced for increasing the isolation between the transmitting and receiving antennas to 60 dB.
I. INTRODUCTION
M ARINE radars are essential sensors used for detecting hazards (such as coastlines, icebergs, or other ships), and assisting the navigator in making timely decisions. Currently, several frequency bands are assigned to marine radar applications, including the S, X, and Ku bands; in this research, the operating bandwidth ranges from 9.3 to 9.4 GHz. Compared with the systems using S band, the X-band systems have the advantages of compactness, flexibility, and maneuverability, which benefit yachts and fishing boats.
Marine radar typically uses a high-gain antenna equipped with a rotator that scans the horizon by transmitting radio signals in known directions and receiving the returned echoes for detecting objects of interest [1] . Several factors that affect radar performance are caused by the antennas used; these factors are side-lobe level, front-to-back ratio, polarization, and main-beam width. For example, the signals transmitted from an antenna can illuminate scatterers through the side lobes or back lobe, and the reflection is picked up in the same manner in receiving mode. The undesired signals falsely display a target in the main-beam direction, thereby causing the error to be detected. Moreover, using antenna with horizontal polarization can relatively reduce The authors are with the Department of Electrical Engineering, National Chiao-Tung University, Hsinchu 300, Taiwan (e-mail: raybeam@mail.nctu. edu.tw).
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Digital Object Identifier 10.1109/TAP.2014.2307296 the sea clutter reflectivity in comparison with using an antenna with vertical polarization [2] . Additionally, to resolve two targets in close proximity, applying a narrow beamwidth along the horizontal plane is necessary. Microstrip patch array antennas are extensively applied in radar systems [3] - [7] and wireless communications systems [8] - [11] , which are high gain, low cost, lightweight, and low profile, and can accurately control radiation patterns. Two types of array feeding structures are commonly used, namely parallel-fed and series-fed structures. Regarding the parallel-fed scheme, numerous power dividers containing many discontinuities and long transmission lines are required, the presence of which causes spurious radiation and substantial dielectric loss to occur [12] . Conversely, the series-fed structure uses short transmission lines and enhances antenna efficiency [13] . In the series-fed structure, resonant and traveling-wave feeds are commonly used. The bandwidth of a traveling-wave feed is wider than that of a resonant feed. However, the main-beam angle changes in accordance with the change in operation frequency, which is caused by the change in the progressive phase angle between two adjacent elements along the series-fed lines. This can cause inaccurate angle detection to occur, particularly in a frequency-modulated continuous-wave (FMCW) system. By contrast, the parallel-fed structure at the center of the array ensures that the combined beam of each half array remains pointed in the broadside direction [14] , [15] .
In this paper, a high-isolation printed array antenna used for marine radar applications is presented. An array consisting of 32 identical square microstrip patches operated at a center frequency of 9.35 GHz with a 100-MHz bandwidth (1.5:1 voltage standing wave ratio [VSWR]) was developed. The patch antennas were arranged along the four arms of a 1-D array containing eight elements, and center fed using a series of microstrip lines exhibiting Chebyshev taper distribution. Traveling-wave taper distribution was achieved using quarter-wavelength transformers along the line to reduce the side-lobe level to 25 dB below that of the main beam. A slit was carved on each patch element to change the current path, thereby enabling horizontal polarization. Moreover, individually loading the transmitting and receiving antennas with metallic baffles can increase the isolation between them to over 60 dB. Fig. 1 shows the configuration of the developed array that was implemented on a 31-mil substrate with a dielectric constant of and a loss tangent of . This array consisted of a feeding network and 32 identical square microstrip patches operated at a center frequency of 9.35 GHz. As 0018-926X © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. shown in Fig. 1 , the feeding network consisted of two T-junctions connected to each other and fed using a vertical probe. Each arm of the T-junction was connected to the series-fed patch array. For obtaining a favorable impedance match, a four-stage quarter-wavelength transformer was employed in the T-junction design. Owing to the head-to-head arrangement of the antenna arrays, the top and bottom array were subjected to out-of-phase currents. The electric-field component along the -axis was cancelled out in the far field, thereby enabling the suppression of the cross-polarization level. In this study, a time-domain finite-integration-based electromagnetic simulation tool, CST Microwave Studio [16], was used for computing the radiating characteristics of the array antenna.
II. ARRAY CONFIGURATION AND DESIGN METHOD

A. Antenna Element Design
Because the polarization of a microstrip patch antenna is inherently related to feeding position, the traditionally used method for obtaining horizontal polarization is feeding from the lateral edge of the patch, as shown in Fig. 2(a) . However, the feed line in between the two patches causes strong coupling to occur, which subsequently reduces isolation and degrades the performance of the original patch. To maintain the feeding position at the bottom edge of the patch and enable horizontal polarization, a slit was carved on the patch element to enable the current to flow along the horizontal direction. An off-center microstrip line with 100 characteristic impedance was adopted for impedance matching, as shown in Fig. 2(b) . Fig. 3 shows the surface current density of the proposed patch element at 9.35 GHz, which can verify the realization of horizontal polarization. The current was fed from the microstrip line on the lower right side of the patch. Because the current path along the vertical direction was interrupted by the slit, the current was compelled to flow along the horizontal direction. The current vectors on the edge and around the slit were headed along the horizon, thereby generating horizontal polarization. To investigate the effect of the slit length and placement on antenna performance further, parameter studies were conducted, as shown in Fig. 4 . The cross-polarization level indicated how many decibels the power level of vertical polarization was below the power level of horizontal polarization in the main beam direction ( , ). In Fig. 4 , the cross-polarization level increases as the length of the slit and the distance of the slit from the patch's bottom edge increase. Because the variation of the reflection coefficient is not as regular as that of the cross-polarization level, a tradeoff must be made between the reflection coefficient and cross-polarization level. Since the transmitted power is high for marine radar, the low reflection coefficient is needed for not damaging the transmitter.
Each patch antenna located in the arrays in Fig. 2 was designed to have a center frequency of 9.35 GHz; the reflection coefficients are shown in Fig. 5 . Using the proposed antenna exhibiting off-center feed and a horizontal slit did not affect the reflection coefficient considerably. In addition to the single element characteristic, the array performance, including cross-polarization and isolation, was compared between these two types of antenna. Fig. 6 shows the effect of the spacing between elements on isolation and the cross-polarization level. The performance of the conventional patch was determined to for investigating the effect of these parameters on the reflection coefficient and cross-polarization level of the antenna at 9.35 GHz. be more sensitive to spacing than that of the proposed patch element. The comparison of antenna gain and is not shown because they exhibited similar trends. Fig. 7 shows the structure of the series-fed section. The spacing between the feed points of the patch elements was fixed to one guided wavelength for an equal phase delay between the elements. Lines with lengths and were introduced between two consecutive outputs to obtain taper distribution at the output port (from Port 2 to N) and obtain minimal reflection at the input port (Port 1). The series-fed section can be regarded as a cascade of several T-junctions. The detailed electrical dimensions of the th T-junction model are depicted in Fig. 8(a) . The power ratio between Port 2 and Port 3 depends on the characteristic impedance of each connected microstrip line. To simplify the analysis of the feeding network further, the equivalent transmission-line network and the corresponding scattering matrices were constructed using the building block approach, as shown in Fig. 8(b) and (c), respectively, thereby reducing computing time considerably.
B. Feeding Network
In Fig. 8(c) , , , and are the 2-by-2 scattering matrices of the ideally lossless transmission lines , , and , respectively. These scattering matrices have been reported in the relevant literature and are widely recognized [17] . The 3-by-3 scattering matrix of an ideal T-junction , shown in Fig. 8(c) , can be expressed as for (1) for (2) where is the input impedance at the th port with reference impedance , which is defined as for (3) Because the detailed mathematical procedures used for deriving the scattering matrix of the T-junction network were described in [18] , only the result is provided to maintain the conciseness of this paper. The three-port scattering matrix is given by (4) where matrixes , , , , and are given below by Fig. 9 . Simulated amplitude characteristic of the series-fed section shown in Fig. 7 determined using a full-wave simulation tool and the building block approach.
Similarly, the scattering matrix of the series-fed section shown in Fig. 7 can be determined by progressively cascading the S-matrices of each T-junction network. The two constraints, the Chebyshev tapering coefficients on the output ports and low return loss, were set to perform the optimization process by using a genetic algorithm; the optimized characteristic impedances and the corresponding widths of the microstrip line are summarized in Table I . Fig. 9 shows the simulated results derived using a full-wave simulation tool and the building block approach. The results were clearly similar and tapered amplitude distribution was achieved. 
III. MEASUREMENT RESULTS AND DISCUSSION
A prototype of the developed antenna array was fabricated using PCB technology and the radiation characteristics of the antennas were measured. A photograph of the proposed antenna is shown in Fig. 10 ; the dimensions of the antenna were 376 mm 68.8 mm. The measured and simulated reflection coefficients are shown in Fig. 11 (curves labeled as "w/o Baffles"). The impedance bandwidth for 14 dB (1.5:1 VSWR) was 9.26-9.4 GHz for the measured result and 9.3-9.44 GHz for the simulated result. These results agree with the trend (except for a slight frequency shift that occurred) and, thus, the impedance bandwidths are able to cover the desired frequency band from 9.3 to 9.4 GHz. Fig. 12 shows the measured and simulated radiation patterns produced by the proposed antenna at 9.35 GHz. On the horizontal plane ( -plane) in Fig. 12(a) , the measured antenna gain, half-power beamwidth, side-lobe level, and front-to-back ratio were 22 dBi, 5.3 , 26.4 dB, and 38.5 dB, respectively. The half-power beamwidth and side-lobe level on the vertical plane ( -plane) were 34.5 and 23.7 dB, respectively. Fig. 13 shows the arrangement of the transmitting and receiving antennas with a spacing between them. The highgain antenna focuses power on a narrow beamwidth, thereby reducing the amount of field coupling that occurred between antennas in close proximity. To improve the isolation further, metallic baffles were equipped and connected to the ground plane on both sides of the array. The length and height of each metallic baffle were 376 mm and 50 mm, respectively. was negligible [19] . As shown in Fig. 11 , the reflection coefficients of the proposed array with and without baffles were extremely similar. Regarding the radiation pattern, the supplementary baffle slightly increased the gain and enhanced the front-toback ratio, as shown in Fig. 15 . On the vertical plane ( -plane) in Fig. 15(b) , the half-power beamwidth became narrower. The side-lobe level on the horizontal plane ( -plane) in Fig. 15(a) increased by 2 dB, compared with that of the proposed antenna without baffles. This can be ascribed to the deformation of the printed circuit board caused by the stress of the screws, which resulted in the degradation of side-lobe performance. shows the simulated and measured radiation patterns of the proposed antenna with baffles. The maximal strength of cross-polarization was 36.9 dB below that of co-polarization. This low cross-polarization level was contributed by the symmetric 1-D array with respect to the -axis. Fig. 17 shows the simulated and measured gain of the proposed array when the baffles were used and not used, respectively. The trends of the measurement are close to those of the simulation. The measurement results for the radiation characteristics are summarized in Table II. IV. CONCLUSION A high-isolation printed antenna array for marine radar applications was designed and fabricated, and the radiation characteristics were measured. The array was composed of 32 identical square microstrip patches arranged along the four arms of a 1-D array containing eight elements. By using the series-fed structure with Chebyshev tapering, the side-lobe level was suppressed. Moreover, the symmetric design with respect to the -axis substantially suppressed the cross-polarization level. Compared with the conventional patch element design, the novel design proposed in this study with a slit and off-center feed mitigated the electromagnetic coupling that occurred through the feed-line to patch coupling. Furthermore, applying the metallic baffles to the exterior of the antennas substantially enhanced the isolation between the transmitting and receiving antennas. The measured and simulated results agree well. Additionally, the electrical performance of the developed antenna is able to meet the specifications of the antennas applied in marine radar systems.
